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Abstract. A new aerosol optical depth retrieval algo- 
rithm is presented that uses the two-angle view capabil- 
ity of the Along Track Scanning Radiometer 2 (ATSR- 
2). By combining the two-angle view and the spectral 
information this so-called dual view algorithm separates 
between aerosol and surface contributions to the top of 
the atmosphere radiance. First validation of the dual 
view algorithm was performed during the Tropospheric 
Aerosol Radiative Forcing Observational Experiment 
(TARFOX), which was conducted at the mid-Atlantic 
coast of the United States in July 1996. The satellite 
retrieved spectral aerosol optical depth is in good agree- 
ment with the aerosol optical depth from ground-based 
Sun/sky radiometers in three out of four cases. This 
shows the potential of aerosol retrieval over land using 
two-angle view satellite radiometry. 

1. Introduction 

Atmospheric aerosol particles play an important role 
in the Earth's radiation balance. They scatter and ab- 
sorb solar radiation (direct effect) and affect the albedo 
and lifetimes of 'clouds (indirect effect). The radiative 
forcing by man-made aerosols of the combined direct 
and indirect effects is estimated to be of the same order 
of magnitude, but opposite of sign, as the radiative forc- 
ing by the anthropogenic greenhouse gases. Aerosols 
are considered one of the largest uncertainties in to- 
day's climate modelling. To a large extent this uncer- 
tainty is caused by a lack of data on a global scale. 
Due to the short lifetimes of aerosols in the troposphere 
(hours to days) and due to the occurrence of many dif- 
ferent sources with different spatial extents and emis- 
sions, the aerosol is highly variable in both space and 
time. This applies to the concentration, the size dis- 
tribution, and the chemical composition, and therefore 
also to the aerosol optical properties. Only satellite 
remote sensing can provide the spatial and temporal 
resolution to measure the inhomogeneous aerosol fields. 
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However, retrieval of aerosol properties from satellite 
measured radiances is not straightforward. The radi- 
ance at the top of the atmosphere is the sum of several 
components, including aerosol scattered light and light 
reflected by the underlying surface. When the surface 
albedo is high, as is often the case over land, the con•tri - 
bution of aerosol scattering to the total radiance may 
be relatively small, which renders the retrieval of the 
aerosol contribution rather uncertain. Several methods 
have been proposed to distinguish between contribu- 
tions to the satellite measured radiance by aerosols and 
by the surface (for a review see Kaufman et al., [1997a]). 
The use of multi-angle satellite radiometry for aerosol 
retrieval was proposed by Martonchik and Diner [1992]. 
However, data from multi-angle satellite radiometers is 
scarce. Flowerdew and Haigh [1996] presented an algo- 
rithm that uses the two-angle view data from the Along 
Track Scanning Radiometer 2 (ATSR-2). In this contri- 
bution, we present a new algorithm based on ATSR-2 
data in which the surface reflection is treated in a sim- 
ilar way as by Flowerdew and Haigh [1996]. However, 
the new algorithm uses not only the information from 
the two-angle view, but also the spectral information 
to distinguish between atmospheric and surface contri- 
butions to the top of the atmosphere radiance. The 
spectral aerosol optical depth (AOD) is computed us- 
ing an aerosol model that fits the spectral measurements 
best. First validation of the dual view algorithm was 
performed during the Tropospheric Aerosol Radiative 
Forcing Observational Experiment (TARFOX), which 
was conducted at the mid-Atlantic coast of the United 
States, in July 1996 [Russell et al., 1998] by comparing 
satellite retrievals to ground based measurements. Val- 
idation in these so-called column closure experiments 
permits the assessment of measurement uncertainties, 
and can establish credibility for satellite remote sensing 
of aerosol properties. 

2. The ATSR-2 sensor 

The ATSR-2 was launched on board the European 
ERS-2 satellite in April 1995. ATSR-2 is a radiometer 
with 7 wavelengths, 4 of these bands are in the visible 
and near-infrared (effective wavelengths 0.555, 0.659, 
0.865, and 1.6 •um) and potentially useful for aerosol 
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Aerosol optical depth over Europe in August 1997 
derived from ATSR-2 data. 
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Abstract. Data from the Along Track Scanning Radiome- 
ter 2 (ATSR-2) on board the European ERS-2 sat•llit• hav• 
been used to derive the spatial distribution of the aerosol 
optical depth (AOD) over Europe for August 1997. The 
AOD was retrieved in cloud-free areas using the dual view 
algorithm. The results agree with co-located ground based 
sun-photometer data within 0.1. The AOD from ATSR-2 
with a resolution of lxl km 2 were averaged on a grid of 
0.1 ø x0.1 ø, to produce daily maps of the spatial aerosol dis- 
tribution over Europe. A composite map of AOD over Eu- 
rope was constructed by averaging all daily maps for August 
1997. This composite map shows large spatial AOD gradi- 
ents with variations of a factor of 3 over a few hundreds of 
kilometers. The AOD at 0.555 ttm for relatively clean areas 
is around 0.1 while in strong industrialised areas the AOD 
can be 0.5 or higher. 

Satellite remote sensing can provide the spatial and tem- 
poral resolution to monitor the highly variable aerosol fields. 
Until recently it was thought that the retrieval of aerosol 
properties from satellite data was only possible over dark 
surfaces, such as the ocean. However, novel retrieval tech- 
niques utilizing the features of modern satellite sensors now 
allow for the accurate retrieval of aerosol properties over 
brighter surfaces, such as over land [Kaufman et at., 1997; 
Veefkind et at., 1999]. 

In this paper, the dual view algorithm [Veefkind et at., 
1998] is applied to ATSR-2 data to retrieve the spatial dis- 
tribution of the AOD over cloud free areas over Europe in 
August 1997. The results are presented in a composite map 
showing the average of the available AOD values for this 
month. The results have application for long-term effects 
such as climate forcing and UV levels described above. 

1. Introduction 

Aerosols affect the atmospheric radiation budget both 
directly by scattering and absorbing the solar radiation and 
indirectly by changing the albedo and the lifetime of clouds. 
The total radiative forcing of aerosol particles, due to direct 
and indirect effects, is estimated to be of the same order 
of magnitude as that of man-made greenhouse gases, but 
with opposite sign [Chartson et at, 1992]. However, large 
uncertainties are associated with the effects of aerosols in 
global climate modeling. 

Aerosols also play a role in health-related problems. They 
scatter and absorb UV radiation, thus reducing the inten- 
sity reaching ground level, which is an important factor in 
skin related problems. High concentrations of aerosols near 
ground level may cause respiration problems [WHO, 1987]. 
Satellite retrieval provides information on the spatial dis- 
tribution of column-integrated aerosol properties, such as 
aerosol optical depth (AOD), which is an important factor 
in studies on radiative effects of aerosols. 

Tropospheric aerosol particles have a mean lifetime of 
the order of days to weeks, which is small as compared to 
the lifetimes of most of the greenhouse gases. Due to this 
short lifetime, in combination with the occurrence of strong 
but rather localized antropogenic and natural sources, the 
aerosol concentrations are quite variable in both space and 
time. Aerosols are considered one of the major uncertainties 
in today's climate models [IPCC, 1995]. 
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2. The Dual View Algorithm 
The dual view algorithm [Veerkind et at., 1998] was de- 

veloped for aerosol retrieval over land with ATSR-2 data. 
The ATSR-2 on board the European Remote Sensing Satel- 
lite ERS-2 is a radiometer with seven wavelength bands, 
four of which are in the visible and near-infrared part of the 
spectrum (effective wavelengths 0.555, 0.659, 0.865 and 1.6 
/•m). The ATSR-2 has a conical scanning mechanism pro- 
viding two views of each location: first a forward view (view- 
ing zenith angle approximately 56 ø ) and about two minutes 
later a nadir view. The spatial resolution is approximately 
ix 1 km 2 at nadir. The swath width of the ATSR-2 is 512 
km. For the midlatitudes, this results in an overpass over a 
given location once every three days. 

In the visible and near-infrared, the surface albedo is of- 
ten relatively high, and shows large spatial and temporal 
variations. Because the contribution of the surface reflection 
to the TOA radiance is not accurately known, it cannot be 
corrected for in a simple way. The dual view algorithm uses 
both the spectral and the directional information (from the 
two viewing angles) to separate the atmospheric and surface 
contributions to the satellite measured radiance. It assumes 
that the variations of the shape of the bi-directional surface 
reflectance is constant with the wavelength [Ftowerdew and 
Haigh, 1995]. Furthermore, it is assumed that the contribu- 
tion of aerosols is relatively small for the 1.6/•m channel. 

The dual view algorithm computes the AOD for the 
0.555, 0.659 and 1.6 /•m channels. The 0.865 /•m channel 
cannot be used because of the strong reflection by vegeta- 
tion in this wavelength region. The dual view algorithm was 
validated by comparison with ground based sun photometer 
data for the East coast of the USA [Veerkind et at., 1998] 
and for north-western Europe [Veerkind et at., 1999]. These 
comparisons show that the satellite retrieved AOD is well 
within 0.1 of the co-located sun photometer data. This re- 
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Figure 1. Composite map of the mean (a) and the variance (b) of the aerosol optical depth at 0.555/zm over Europe for August 
1997. AOD has been retrieved by application of the dual view algorithm to the ATSR-2 satellite data. Black areas indicate the sea 
mask. White areas over Scandinavia, Great Britain indicate that no data is computed. Over the Alps and the Carpatos white areas 
are also observed due to clouds occurrence or because in these areas the algorithm fails due to the high reflection of the surface 

suit yields confidence that the algorithm can be applied over 
most of western Europe, except possibly over highly reflect- 
ing surfaces, such as those covered with snow and semi-arid 
areas. 

3. Results and Discussion 

The dual view algorithm can only be applied to cloud- 
free pixels. Therefore a semi-automatic scheme, developed 
by Koelemeijer and Stammes, 1999, was applied to screen 
the August 1997 ATSR-2 data for cloud contamination. 

Subsequently, over cloud-free pixels, the AOD was de- 
termined by applying the dual view algorithm. Daily maps 
were produced by averaging the original data of lx i km •' 
resolution on a fixed grid of 0.1 ø x0.1 ø (approximately 10x 10 
km•'). The fixed grid avoids errors due to imperfect spa- 
tial overlap of the ATSR-2 pixels. The 10x 10 km •' scale is 
also more suitable for comparison with current aerosol chem- 
istry transport models. All available AOD values for each 
grid point were averaged to provide a composite map of the 
AOD for the whole month (see Figure la). The number of 
days for which there is data available varies between 0-10. 
The variance is presented in Figure lb. 

The satellite derived AOD was validated by comparing 
to ground based sun photometer data. For Ispra, Italy (8.6 ø 
E, 45.8 ø N), Lille, France (3.1 ø E, 50.6 ø N) and Aire-sur- 
FAdour, France (0.25 ø E, 43.7 ø N) data is available from 
the AERONET (AErosol RObotic NETwork) [Holben et 
al., 1998] sun photometer network. Ground based sun pho- 
tometer data from De Bilt, The Netherlands (5.2 ø E, 52.1 ø 
N) was obtained from the Royal Netherlands Meteorologi- 
cal Institute (KNMI). To compare the sun-photometer data 
with the composite satellite data, AOD values were aver- 
aged to obtain the mean AOD. Figure 2 shows a comparison 
of the mean AOD from sun photometer measurements and 
the mean AOD derived from the ATSR-2 data for Aire-sur- 

l'Aduor (Figure 2a), De Bilt (Figure 2b), Ispra (Figure2c) 
and Lille (Figure 2d). The AOD values retrieved for wave- 
lengths in the mid-visible agree within 0.02 for Aire-sur- 

l'Adour, De Bilt and Lille and within 0.04 in Ispra. These 
results are similar to those obtained by Veerkind et al., 1998 
and VeeJkind et al., 1999. Unfortunately, no ground based 
data is available for areas in which the retrieval can be ex- 
pected to be more difficult due to highly reflecting surfaces, 
such as snow and arid areas. 

The mean sun photometer AOD was derived from all 
available data for August 1997 (14 for De Bilt, 84 for Lille, 
138 for Aire-sur-l'Adour and 275 for Ispra), and thus pro- 
vides a true mean for the AOD in cloud-free situations. The 
satellite mean AOD, however, is based on 4-6 measurements. 
The favourable comparison between sun photometer and 
satellite derived AOD indicates that the satellite data are 
representative for the mean AOD over Europe in this pe- 
riod. 

The dual view algorithm may give offsets of the AOD 
over water surfaces [Veefkind et al., 1999]. Therefore, in the 
composite AOD map in Figure la, all sea pixels are masked. 
Smaller water surfaces such as lakes are not masked. In 

the white areas no data is available: over the Alps and the 
Carpatos due to clouds occurrence or because the dual view 
algorithm fails due to the high reflection of the surface. The 
north-west of Scandinavia, Scotland, Ireland and Turkey are 
outside of the study area. 

Figure la shows large variations in mean AOD across 
Europe. For example, AOD values of 0.5 - 0.6 are observed 
in certain areas over Germany, Belgium, the south of The 
Netherlands and northern Italy. In contrast, AOD values of 
0.1 to 0.2 were observed over Scandinavia, Central Spain, 
Southern France and Russia. The variance of the AOD at 

0.555/zm is generally lower than 0.05, but values of up to 0.2 
occur in some areas with high AOD (Figure lb). 

The high AOD values are often associated with strongly 
industrialised areas, with large emissions of aerosol precursor 
gases (SO2 and NOx), [Benkovitz et al, 1996]. Strong spatial 
AOD gradients are observed around these areas. Sudden in- 
creases of a factor of 3 or more over relatively short distances 
may be accompanied by a gradual decrease over hundreds 
of km, presumably down wind from the source. An example 
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Figure 5.1: Near-infrared image (1.6 µm) (upper) and aerosol optical depth
retrieved using the dual view algorithm for 0.659 µm (lower), for the ATSR-2
overpass over the TARFOX area on July 25, 1996, 15:52 UTC. In the near-
infrared image, the symbols indicate the ground stations used in this study (see
text).
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UV  Aerosol  Index

•  Simple	
  quan0ty	
  derived	
  from	
  a	
  
wavelength	
  pair	
  in	
  the	
  UV	
  (340	
  –	
  
390	
  nm)	
  

• Can	
  be	
  used	
  to	
  detect	
  plumes	
  of	
  
absorbing	
  aerosol	
  

• Advantage:	
  simple	
  algorithm,	
  no	
  a	
  
priori	
  informa0on,	
  very	
  long	
  
dataset,	
  can	
  be	
  applied	
  over	
  clouds	
  
and	
  bright	
  surfaces.	
  

• Disadvantage:	
  not	
  a	
  geophysical	
  
quan0ty	
  which	
  makes	
  quan0ta0ve	
  
interpreta0on	
  challenging	
  

Residue 



UV  Aerosol  Index  Dependencies




Mul7  Sensor  AAI  Product


Wavelength	
  pair	
  
(nm) 

Equator	
  crossing	
  
7me Pixel	
  size	
  (km) Days	
  needed	
  for	
  

global	
  coverage 
PlaAorm	
  /	
  Opera7on	
  

period 

TOMS	
   360	
  /	
  331	
   12	
  :	
  00	
  	
  LT	
   50	
  ×	
  50	
   1	
  
Nimbus-­‐7	
  

(1978	
  –	
  1993)	
  

GOME–1	
   340	
  /	
  380	
   10	
  :	
  30	
  	
  LT	
   320	
  ×	
  40	
   3	
  
ERS-­‐2	
  

(1995	
  –	
  2003*)	
  

SCIAMACHY	
   340	
  /	
  380	
   10	
  :	
  00	
  	
  LT	
   60	
  ×	
  30	
   6	
  
Envisat	
  

(2002	
  –	
  2012)	
  

OMI	
   354	
  /	
  388	
   13	
  :	
  45	
  	
  LT	
   13	
  ×	
  24	
   1	
  
Aura	
  

(2004	
  –	
  present)	
  

GOME–2	
   340	
  /	
  380	
   09	
  :	
  30	
  	
  LT	
   80	
  ×	
  40	
   1.5	
  
MetOp-­‐A/B	
  

(2007	
  –	
  present)	
  







Differen7al  Aerosol  Absorp7on


Reflectance 
difference

MODELLED cloud-only

MEASURED cloud + aerosol

Wavelength λ [nm]
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ENVISAT track 10 Aug 2006 09:10:26 – 09:16:38 UTC 
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Southeast  Atlan7c  Ocean  above  cloud  observa7ons


De Graaf et 

al., 2012. 
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2014  GRL  41  


Aerosol DRE from 
SCIAMACHY averaged 

over the southeast 
Atlantic Ocean: 

  
•  2006 was anomalous 

with extreme events 
•  High observed values 

are not reproduced by 
climate models 
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Combining  OMI  and  MODIS  reflectances
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Radiances	
  

Optical	
  parameters	
  

Physical	
  parameters	
  

CTM	
  

UVAI	
  sim	
  Satellite	
  Retrieval	
  

A-­‐priori	
  

compare	
  

compare	
  

AAI	
  Simulator	
  Concept	
  



AAI	
  Simulator	
  

a	
  tool	
  to	
  calculate	
  AAI	
  from	
  CTM	
  model	
  fields	
  

•  Low	
  CPU	
  load	
  

•  Applicable	
  to	
  multiple	
  CTMs	
  

•  Applicable	
  to	
  multiple	
  satellite	
  data	
  sets	
  

•  Accurate	
  



GOCART	
  
•  A	
  global	
  atmospheric	
  process	
  model	
  using	
  assimilated	
  

	
  meteorological	
  fields	
  from	
  the	
  Goddard	
  Earth	
  	
  

Observing	
  System	
  Data	
  Assimilation	
  System	
  

•  Aerosol	
  simulations	
  in	
  GOCART	
  include	
  the	
  major	
  aerosol	
  types	
  of	
  sea	
  

salt,	
  sulfate,	
  dust,	
  black	
  carbon,	
  organic	
  carbon	
  

•  The	
  model	
  accounts	
  for	
  emissions	
  from	
  fossil	
  fuel	
  and	
  biofuel	
  

combustion,	
  biomass	
  burning,	
  volcanic	
  eruptions,	
  vegetation,	
  deserts,	
  

and	
  oceans.	
  	
  

•  Calculating	
  aerosol	
  composition,	
  4-­‐D	
  distributions,	
  optical	
  properties,	
  

radiative	
  forcing,	
  etc.	
  

•  See	
  Chin	
  et	
  al.,	
  Atmos.	
  Chem.	
  Phys.,	
  14,	
  3657–3690,	
  2014,	
  and	
  

references	
  therein.	
  



OMI 

SIM 



OMI	
  

GOCART	
  +	
  SIM	
  



West Africa (biomass burning) 

(running mean 7 days) 

There is quite some agreement, even on shorter time scales. Absolute magnitude is 
not captured completely. The simulator underestimates the AAI  values reached. 

Regional mean of OMI AAI and of simulator AAI: 



West Africa (biomass burning) 



Sen0nel	
  5	
  precursor	
  
COPERNICUS	
  ATMOSPHERE	
  MISSION	
  IN	
  POLAR	
  ORBIT	
  

•  The	
  ESA	
  Sen0nel-­‐5	
  Precursor	
  (S-­‐5P)	
  is	
  a	
  pre-­‐opera0onal	
  mission	
  focusing	
  

on	
  global	
  observa0ons	
  of	
  the	
  atmospheric	
  composi0on	
  	
  for	
  air	
  quality	
  

and	
  climate.	
  

•  The	
  TROPOspheric	
  Monitoring	
  Instrument	
  (TROPOMI)	
  is	
  the	
  payload	
  of	
  

the	
  S-­‐5P	
  mission	
  and	
  is	
  jointly	
  developed	
  by	
  The	
  Netherlands	
  and	
  ESA.	
  

•  The	
  planned	
  launch	
  date	
  for	
  S-­‐5P	
  is	
  2016	
  with	
  a	
  7	
  year	
  design	
  life0me.	
  

‣ UV-­‐VIS-­‐NIR-­‐SWIR	
  nadir	
  view	
  gra0ng	
  
spectrometer.	
  
‣ Spectral	
  range:	
  270-­‐500,	
  	
  
675-­‐775,	
  2305-­‐2385	
  nm	
  
‣ Spectral	
  Resolu0on:	
  0.25-­‐0.5	
  nm	
  
‣ Spa0al	
  Resolu0on:	
  7x7km2	
  
‣ Global	
  daily	
  coverage	
  at	
  13:30	
  local	
  solar	
  
0me.	
  

 TROPOMI	
  

‣ Total	
  column	
  
O3,	
  NO2,	
  CO,	
  SO2,CH4,	
  HCHO	
  
‣ Tropospheric	
  column	
  
O3,	
  NO2	
  	
  
‣ O3	
  profile	
  
‣ UV	
  Aerosol	
  Index	
  &	
  Aerosol	
  layer	
  height	
  
‣ Clouds	
  

	
  	
  	
  Contribu0on	
  to	
  Copernicus	
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Summary

•  The	
  UV	
  spectrometers	
  can	
  provide	
  informa0on	
  on	
  absorbing	
  aerosol	
  
plumes.	
  

•  The	
  UV	
  AI	
  has	
  strong	
  dependency	
  on	
  the	
  absorp0on,	
  the	
  
concentra0on	
  and	
  height	
  of	
  aerosols.	
  

• We	
  can	
  use	
  the	
  UV	
  observa0ons	
  in	
  a	
  quan0ta0ve	
  way:	
  
•  For	
  biomass	
  burning	
  plumes	
  over	
  clouds	
  
•  Using	
  simulators	
  

• At	
  KNMI	
  we	
  will	
  extend	
  the	
  UV	
  AI	
  with	
  the	
  European	
  UVN	
  
spectrometers:	
  TROPOMI,	
  Sen0nel	
  4	
  and	
  Sen0nel	
  5	
  

•  For	
  these	
  instrument	
  we	
  are	
  also	
  developing	
  aerosol	
  layer	
  height	
  retrievals	
  


